We present the results of a high-resolution X-ray imaging study of the stellar population in the Galactic massive star-forming region RCW 49 and its central OB association Westerlund 2. We obtained a ∼40 ks X-ray image of a ∼17 ×17 field using the Chandra X-ray Observatory and deep near-infrared (NIR) images using the Infrared Survey Facility in a concentric ∼8. 3×8. 3 region. We detected 468 X-ray sources and identified optical, NIR, and Spitzer Space Telescope mid-infrared (MIR) counterparts for 379 of them. The unprecedented spatial resolution and sensitivity of the X-ray image, enhanced by optical and infrared imaging data, yielded the following results: (1) The central OB association Westerlund 2 is resolved for the first time in the X-ray band. X-ray emission is detected from all spectroscopically-identified early-type stars in this region. (2) Most (∼86%) X-ray sources with optical or infrared identifications are cluster members in comparison with a control field in the Galactic Plane. (3) A loose constraint (2-5 kpc) for the distance to RCW 49 is derived from the mean X-ray luminosity of T Tauri stars. (4) The cluster X-ray population consists of low-mass pre-main-sequence and early-type stars as obtained from X-ray and NIR photometry. About 30 new OB star candidates are identified. (5) We estimate a cluster radius of 6 -7 based on the X-ray surface number density profiles. (6) A large fraction (∼90%) of cluster members are identified individually using complimentary X-ray and MIR excess emission. (7) The brightest five X-ray sources, two WolfRayet stars and three O stars, have hard thermal spectra.
INTRODUCTION
H II regions, which are recognized by diffuse hydrogen emission ionized by UV photons from stars earlier than B2, are the sites of massive star formation. Strong radiation and winds from early-type stars in massive starforming regions (SFRs) have effects that cannot be understood by a simple extrapolation of low-mass SFRs. X-ray studies of massive SFRs, which are potentially important to detect hot gas as well as stellar constituents, had lagged behind those of low-mass regions in the past due to their greater distance, source confusion, and obscuration. Both high spatial resolution and hard X-ray sensitivity are required to overcome these difficulties.
The Chandra X-ray Observatory is capable of conducting high-resolution and high-sensitivity imaging observations in the 0.5-8.0 keV band. Its ∼1 spatial resolution and sensitivity are sufficient to resolve scales ∼10 17 cm (a typical size of ultra-compact H II regions; Churchwell 2002) and to detect X-ray emission from embedded late-type pre-main-sequence sources at a distance of sev-eral kiloparsecs, typical of well-studied Galactic massive SFRs.
Along with the Chandra Orion Ultradeep Project (Getman et al. 2005) , which led to a series of X-ray imaging studies of the nearest (D 0.5 kpc) rich SFR, we have seen a surge of results from X-ray studies of massive SFRs at larger distances. Galactic massive SFRs with X-ray imaging surveys of their stellar contents include: NGC 3603 (Moffat et al. 2002) , W 3 (Hofner et al. 2002) , the Carina nebula (Evans et al. 2003 (Evans et al. , 2004 Sanchawala et al. 2007 ), NGC 6530 (Damiani et al. 2004) , the Trifid Nebula (Rho et al. 2004 ), S 106 (Giardino et al. 2004) , Ara OB1 (Skinner et al. 2005) , Cepheus B , RCW 38 (Wolk et al. 2006) , the Arches and Quintuplet clusters (Wang et al. 2006) , NGC 2362 (Delgado et al. 2006) , NGC 2264 (Flaccomio et al. 2006 ), Westerlund 1 (Skinner et al. 2006) , IC 1396N (Getman et al. 2007a ), NGC 6357 (Wang et al. 2007a) , the Rosette nebula (Townsley et al. 2003; Wang et al. 2007b ), M 16 (Linsky et al. 2007 ), Cygnus OB2 (Albacete Colombo et al. 2007) , and M 17 (Townsley et al. 2003; Broos et al. 2007) . Early results are reviewed in Townsley (2006b) and Feigelson et al. (2007) . This paper describes the results of the Chandra imaging study of the stellar contents in a southern massive SFR RCW 49 and its central OB association Westerlund 2. The region was imaged in the mid-infrared (MIR) band as a part of the Galactic Legacy Infrared Mid-Plane Survey Extraordinaire program (GLIMPSE; Benjamin et al. 2003 ) using the Spitzer Space Telescope (Werner et al. 2004) . We also obtained deep near-infrared (NIR) images of this region using the Infrared Survey Facility. Many previous Chandra studies were combined with NIR arXiv:0705.0702v1 [astro-ph] 4 May 2007 imaging data, but none was presented with MIR imaging data, which is a growing tool for the stellar census studies in massive SFRs with the launch of Spitzer. We demonstrate the ability of high-resolution X-ray imaging to identify and understand the nature of the stellar population in massive SFRs with a particular emphasis on the combination with NIR and MIR imaging.
The outline of this paper is as follows. In § 2, we give a brief review of RCW 49 and Westerlund 2. In § 3, we present our X-ray and NIR observations of this region. In § 4, we describe our X-ray and NIR data reduction and the identification of X-ray sources with optical, NIR, and MIR sources using our deep NIR data as well as archived data. In the data reduction, special care is taken in source extraction, photometry, and crosscorrelation in crowded regions. In total 468 X-ray sources are detected and 379 of them are identified by optical and infrared sources.
In § 5, we discuss how the X-ray data are relevant to discriminate intrinsic RCW 49 members, identify new sources, and infer their nature. Seven multi-faceted and loosely-related results are discussed in each subsection. In the first subsection ( § 5.1), we show that the central OB association is resolved in the X-ray image and all the massive members in this region are detected in the X-ray. In § 5.2, we argue that most of the X-ray sources with optical or infrared counterparts are intrinsic to RCW 49 by a comparison study with the X-ray population of a control field in the Galactic Plane. In § 5.3, we obtain a loose constraint on the distance to RCW 49 using the mean X-ray luminosity of T Tauri stars in the mass range of 2.0-2.7 M . In § 5.4, we evaluate the nature of X-ray sources using X-ray and infrared photometric data. We employ the X-ray versus NIR flux and luminosity plots in addition to the conventional NIR color-magnitude diagram. We argue that the majority of X-ray sources are low-mass pre-main-sequence sources and early-type main sequence stars. Some early-type stars are found to be harder and more luminous in the X-ray than others with a similar NIR brightness. In § 5.5, we study the spatial distribution of X-ray-identified cluster members. Because of the low level of contamination of X-ray samples, we can identify cluster members far from the central OB association. We find a possible excess population at ∼4 and the cluster boundary at 6 -7 from the cluster center. In § 5.6, we examine the fraction of RCW 49 members individually selected using X-ray emission and find that about half of the RCW 49 sources brighter than K s ∼14 mag are identified by X-rays. The rate increases to ∼90% when combined with MIR excess emission, another indicator of cluster membership complementary to the X-ray emission signature. In the last subsection ( § 5.7), we discuss the X-ray spectra of the five brightest X-ray sources. We summarize these results in § 6.
RCW 49 AND WESTERLUND 2
RCW 49 was identified as an optically-visible H II region by Rogers et al. (1960) . It is also known as Kes 10 (Kesteven 1968), G 284.3-00.3, and Gum 29 (Gum 1955) . The visual extinction toward the region is A V = 5-6 mag (Carraro & Munari 2004; Rauw et al. 2007; Ascenso et al. 2007 ). The stellar constituents in the region were studied by imaging studies in the optical (Moffat & Vogt 1975; Moffat et al. 1991; Piatti et al. 1998; Carraro & Munari 2004; Rauw et al. 2007) , infrared (Churchwell et al. 2004; Whitney et al. 2004; Uzpen et al. 2005; Ascenso et al. 2007) , and X-ray (Goldwurm et al. 1987; Belloni & Mereghetti 1994) bands. At least a dozen OB stars comprise the central OB association called Westerlund 2 (Wd 2; Westerlund 1960 ). The association is also known as NGC 3247 (Dreyer 1888) , ESO 127-18, and C 1024-576. Moffat et al. (1991) identified six O6-7 stars based on low-resolution optical spectroscopy. Rauw et al. (2007) added six more O-type stars and gave a consistent classification based on medium-resolution optical spectroscopy. These stars were reclassified toward earlier spectral classes ranging between O3 and O6.5 (Rauw et al. 2007 ).
Three more early-type stars are found beyond the cluster core. One is a star with a spectral type of O4 V(f) or O5 V(f) (Uzpen et al. 2005; Rauw et al. 2007 ), which we refer to as MSP 18 . Another is a binary Wolf-Rayet star WR 20a (WN6+WN6; van der Hucht 2001; Rauw et al. 2005) , which is the most massive binary in the Galaxy with a well-determined mass (Rauw et al. 2005) . Another Wolf-Rayet star WR 20b (van der Hucht 2001) lies ∼3. 7 from Wd 2 . These early-type stars in and around Wd 2 are probably the cause of exotic high energy phenomena discovered in this region, such as extended hard X-ray emission (Townsley et al. 2004) found in the same Chandra data set presented in this paper and TeV gamma-ray emission (Aharonian et al. 2007) found by the High Energy Stereoscopic System telescope.
A much larger number of lower-mass members are anticipated, many of which are at the pre-main-sequence stage that can be identified either by infrared excess or X-ray emission, arising respectively from circumstellar disks and envelopes and from enhanced coronal magnetic activity. Some of the low-mass members were detected by mid-infrared excess emission using the Spitzer data (Whitney et al. 2004 ). In the X-ray band, the two previous studies did not have sufficient spatial resolution and sensitivity to distinguish individual stars. In these studies, respectively using Einstein and ROSAT, only one (Goldwurm et al. 1987 ) and seven (Belloni & Mereghetti 1994 ) X-ray sources were detected in the Chandra studied field presented here. Most of these sources are isolated early-type stars and unresolved stars in Wd 2 (1E 1022.1-5730 in Goldwurm et al. 1987 and source number 24 in Belloni & Mereghetti 1994) .
The ionized gas content at ∼10 4 K in RCW 49 was studied by a radio continuum imaging study at 0.843, 1.38, and 2.38 GHz (Whiteoak & Uchida 1997) . Two shells appear in the images, one around the complex of Wd 2 and WR 20a with a diameter of ∼7. 3 (radio ring A) and the other around WR 20b with a diameter of ∼4. 1 (radio ring B). Enhanced emission was found at the position where these two shells overlap. A similar global structure was found in the dust content. The MIR image taken by the Infrared Array Camera (IRAC) onboard Spitzer traces the dust distribution via polycyclic aromatic hydrocarbon emission at its three ([3.6] , [5.8] , and [8.0] µm) of four bands (Churchwell et al. 2004) . Moreover, the Spitzer image reveals a network of highly structured filaments, pillars, and shocks at arcsecond scales, some of which are suggestive of instabilities.
Both gas and dust distributions are dominated by the massive stars in Wd 2 and the two Wolf-Rayet stars via their strong stellar winds and UV radiation that sculpt the surrounding interstellar medium. These effects not only suppress further star formation, but also trigger the second generation of star formation. From the spatial distribution of MIR excess sources, Whitney et al. (2004) argued that star formation is taking place preferentially in ∼4 around Wd 2. The radius corresponds to the outer boundary of the radio ring A where swept-up material is accumulated, suggesting that these young sources are a consequence of induced star formation.
The distance to RCW 49 is highly controversial, ranging from 2 to 8 kpc in the literature (Churchwell et al. 2004 and references therein). The kinematic distance determination gives a poor constraint because the region is in the tangential direction of the Saggitarius-Carina arm. The debate on the distance continues in two most recent papers; Rauw et al. (2007) argued for 8.0±1.4 kpc based on optical spectro-photometric study of bright stars in Wd 2, while Ascenso et al. (2007) proposed 2.8 kpc based on NIR magnitudes and colors of RCW 49 sources on the Henyey track. With the present X-ray data, we can also loosely constrain the distance using the mass-stratified mean X-ray luminosity ( § 5.3) . This gives an estimate of 2-5 kpc. Despite intensive study, the distance to this cluster remains an open question. We adopt 4.2 kpc as used by Churchwell et al. (2004) , which is roughly a geometric mean of the smallest and the largest distance estimates, to avoid the worst case when the question is settled.
The association of Wolf-Rayet stars and an O4-O5 V(f) star with Wd 2 suggests that the star cluster is no older than a few Myrs. No cluster member appears to be located away from the zero-age-main-sequence isochrone curve in the optical color-magnitude diagram, from which Carraro & Munari (2004) estimated an age of 2 Myr. Ascenso et al. (2007) similarly derived the cluster age of ∼2 Myr by fitting the color-magnitude distribution of NIR sources with theoretical calculations.
OBSERVATIONS
We carried out an X-ray observation of RCW 49 using the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003) onboard the Chandra X-ray Observatory (Weisskopf et al. 2002) • 45 18 ) in the equinox J2000.0 for a 36.7 ks exposure. ACIS-I covers the 0.5-8.0 keV energy band with a spectral resolution of ∼150 eV at 6 keV and a point spread function (PSF) radius of ∼0. 5 within ∼2 of the on-axis position, degrading to ∼6 at a 10 off-axis angle. The data were taken with the very faint telemetry mode and the timed exposure CCD operation with a frame time of 3.2 s.
We conducted near-infrared (NIR) observations on 2004 December 25 and 28 using the Simultaneous threecolor InfraRed Imager for Unbiased Surveys (SIRIUS; Nagayama et al. 2003) Each frame was exposed for 30 s and the total exposure time was ∼30 minutes equally for the two regions. Additional short (5 s) exposure frames were also taken for the two regions to extend the dynamic range of the data set to brighter sources. The observing conditions were photometric with a seeing of 1. 0 on both nights.
Figures 1 (a) and (b) respectively show the ACIS and SIRIUS images of the study field. The SIRIUS image has a wider coverage by ∼2.9 times than the image presented in Ascenso et al. (2007) . We reprocessed the raw data distributed by the Chandra X-ray Center to obtain an X-ray event list. A background rejection algorithm specific to data taken with the very faint mode was applied. Events were further cleaned by removing cosmic-ray afterglow and applying filters based on the event grades, status, and good-time intervals (Townsley et al. 2003) . Charge transfer inefficiency was corrected (Townsley et al. 2002) and the positions of all events were improved using a sub-pixel repositioning technique (Tsunemi et al. 2001) .
We detected sources using the wavdetect algorithm in the CIAO package 8 independently for the soft (0.5-2.0 keV), hard (2.0-8.0 keV), and full (0.5-8.0 keV) band images. The software failed to detect sources in crowded regions, where we manually added candidate sources with the aid of smoothed images in different kernel sizes and PSF-deconvolved images obtained using a maximum likelihood technique (Lucy 1974; Townsley et al. 2006a ). In total, 556 X-ray source candidates were identified including 60 manually added sources. We took a stance to add sources manually in a liberal manner here, and we examined their validity in a rigorous manner later.
For all the candidate sources, we used ACIS Extract 9 version 3.107 for automated systematic source and background event extractions. The source positions were refined by correlating the event distribution with the PSF or by using the centroid of the events. Signals were then extracted from a 90% encircled energy polygon of 1.5 keV X-rays to derive source counts in 0.5-8.0 keV (C src ). When two extraction regions overlap, the regions were reduced. A masked dataset was created by removing the events in a circle with a ∼99% encircled energy radius around all sources, from which background events were extracted locally around each source to derive their background and net counts, C bkg and C net = C src − C bkg × A src /A bkg , where A src and A bkg are the integrals of the masked exposure map values within the source and background extraction regions.
Each source candidate was tested for validity using the photometric significance (PS) and probability of no source (P B ) statistics extracted by ACIS Extract. PS is the commonly used photometric signal-to-noise ratio given by
where the approximation by Gehrels (1986) was employed to calculate the uncertainty ∆C net . P B is the probability for the null hypothesis that all detected counts or more are explained by fluctuations of the background and is defined by
where P (λ, n) indicates a Poisson probability distribution function of a mean λ to have n counts. We recognize 468 source candidates with PS ≥ 1.0 and P B ≤ 1.0×10 −2 to be valid X-ray sources (Table 1) . None of them is bright enough to cause pile-up. Almost all the sources are newly detected here.
Photometry & Time Variability
For all valid sources, ACIS Extract was used for recalculating their source and background counts, producing instrumental responses, and constructing spectra and light curves for systematic photometry and spectroscopy analyses. The photometry results are compiled in Table 1. Columns (1) and (2) are the sequential number and the source name. Columns (3)- (6) give position information (R. A. and decl. in the equinox J2000.0, their uncertainty, and the off-axis angle). Columns (7)- (9) show counts in 0.5-8.0 keV; C net , ∆C net , and C bkg = C bkg × A src /A bkg , whereas column (10) shows the net counts in 2.0-8.0 keV (C net,hard ). Column (11) indicates the PSF fraction of source extraction, in which smaller numbers than the default value (∼0.9) indicate that the extraction region was reduced to avoid overlapping. Columns (12) and (13) are for PS and P B . Columns (14) and (15) are sets of flags to indicate extraction anomalies and source variability. Column (16) gives the effective exposure time, the time needed to accumulate the observed counts if the source were at the aim point. Column (17) lists the median energy of the extracted X-ray events corrected for the background. Median energy is proposed to be a better quantity to characterize X-ray spectral hardness and to give a reliable estimate of extinction than the conventionally-used hardness ratio (Hong et al. 2004; Feigelson et al. 2005) . Column (18) is the photometric flux discussed in § 4.1.3.
X-ray variability was examined for 377 bright sources off the chip gaps using a Kolmogorov-Smirnov test. The null hypothesis probability (P KS ) that the flux is constant was tested and sources were placed into three classes; (a) no evidence for variability (P KS > 5 × 10 −2 ), (b) possibly variable (5 × 10 −3 < P KS ≤ 5 × 10 −2 ), and (c) definitely variable (P KS ≤ 5 × 10 −3 ). Seven sources are in the "definitely variable" class, showing flare-like light curves. Table 2 gives the results from the X-ray spectral fits obtained with ACIS Extract, where 230 spectra with PS ≥ 2 were fitted by an optically-thin thermal plasma (APEC) model (Smith et al. 2001 ) with interstellar absorption. The best-fit values of plasma temperature (k B T ), the volume emission measure (EM ), and the extinction column density (N H ) were derived. The photometric and spectroscopic tables (Tables 1 and 2 ) are in a format similar to those found in associated papers Townsley et al. 2006a; Getman et al. 2007a; Wang et al. 2007a; Broos et al. 2007; Wang et al. 2007b) .
Spectroscopy & Flux Estimates of Faint Sources
The X-ray flux can be derived by the spectral fits for most of the sources in Table 2 . For the remaining sources, which are mostly faint, we estimated their X-ray flux using broad-band photometry: the mean energy times the net count rate divided by the mean effective area (Tsujimoto et al. 2005) . The consistency between the two flux estimates was checked for the brightest 173 sources (Fig. 2) , for which both values are available. They are overall in good agreement with a systematic offset (20%). We hereafter use the spectroscopic flux for the 173 bright sources and the photometric flux corrected for the offset for the remaining sources. 
NIR Data
All SIRIUS frames were reduced following standard procedures using IRAF, including dark-current correction, sky subtraction, and flat-fielding. Dithered images were registered to construct combined images in the three bands (J, H, and K s ). Sources were extracted and their photometry was measured using the daofind and daophot tasks in IRAF.
In order to cope with source crowding in the SIRIUS images, we used the following procedure (Stetson 1987) . First, we constructed the average PSF from dozens of bright sources across each image. The profile of each extracted source was fitted with the average PSF and the source was masked from the image if the fit was successful. The procedure was repeated until most sources were masked. We then reconstructed the PSF from the masked image, which we consider is freer from contamination than the original one. By repeating the procedure, we separated closely spaced sources and deblended their overlapping signals.
We extracted 10,540 and 9,768 sources in RCW 49 and the control fields, respectively, at levels larger than 3 σ of the sky background noise in all three bands. We derived their positions and magnitudes in the J, H, and K s bands in the longer-exposure images. We replaced magnitudes with those derived from the shorter-exposure images when they were saturated at levels brighter than 11.0 (J ), 11.5 (H ), and 12.0 (K s ) mag. The 3 σ detection limits of the longer-exposure images in the RCW 49 field are ∼20.5 (J ), ∼19.8 (H ), and ∼18.4 (K s ) mag, whereas the 10 σ limits are ∼19.0 (J ), ∼17.8 (H ), and ∼16.8 (K s ) mag. These limits were ∼0.5 mag shallower than those measured in the control field because of the larger source confusion. All the detected sources are used for the Xray counterpart search, while only those with magnitude uncertainty less than 0.1 mag are used for photometric analysis.
4.3. Optical and Infrared Identifications of X-ray Sources We identified the X-ray sources in the optical, NIR, and MIR bands using the Naval Observatory Merged Astrometric Dataset (NOMAD) 10 , the Two-Micron AllSky Survey (2MASS; Skrutskie et al. 1997 ) with a 1. 6-1. 9 resolution using IRAC (Fazio et al. 2004) . A 1.
• 7×0.
• 7 region encompassing RCW 49 was mapped with ten 1.2 s exposures in the initial phase of the program (Churchwell et al. 2004) .
First, the ACIS image was shifted to match the absolute astrometry of 2MASS using the closest ACIS-2MASS pairs. The residual displacements of the pairs in the R. A. and decl. directions are plotted in Figure 3 , in which the rms (1 σ) of the displacements is ∼0. 56 ( Fig. 3 ; the inner dotted circle). We recognized 216 ACIS-2MASS pairs within 2 σ displacement ( Fig. 3 ; the outer dotted circle) to be physical counterparts. We similarly found NOMAD, SIRIUS, and IRAC counterparts within 2 σ of ACIS sources after a correction of the systematic offset, where 1 σ is ∼0. 63, ∼0. 38, and ∼0. 59, respectively. Consequently, 230, 299, and 156 ACIS sources were found to have NOMAD, SIRIUS, and IRAC counterparts. Both the numbers of false positives (unrelated pairs identified as counterparts) and false negatives (physical pairs unidentified as counterparts) are estimated to be <10.
The resultant identifications and the optical (R), NIR (J, H, and K s ), and MIR ( Table 3 . The R-band magnitude is from NOMAD, which is a compilation work of several catalogues. NIR magnitudes are either from 2MASS or SIRIUS, which is indicated by the NIR flag column.
In total, 379 of the 468 ACIS sources have either NO-MAD, 2MASS, SIRIUS, or IRAC counterparts. Except for massive stars in and around Wd 2, almost all the X-ray sources are poorly studied in other wavelengths. Spectroscopic classifications are available for five sources outside of Wd 2 Rauw et al. 2007 ): HD 90273 (O 7), HD 302752 (A), MSP 91 (G0 V-III), MSP 158 (G0 III), and MSP 218 (A0 III), among which only HD 90273 was detected in X-rays. The identifications with sources in earlier work are also given in Table 3. Figure 4 shows a close-up view of Wd 2 in the SIRIUS and ACIS images. The Chandra observation of RCW 49 resolved X-ray sources in the central OB association. A dozen early-type stars from O7 to O3 are present in the cluster core ; MSP 151, 157, 167, 171, 175, 182, 183, 188, 199, 203, and 263 (Rauw et al. 2007 ). In addition, three early-type stars, an O4 V(f) or O5 V(f) star (MSP 18; Uzpen et al. 2005; Rauw et al. 2007 ) and two Wolf-Rayet stars (WR 20a = MSP 240 and WR 20b), lie outside the cluster core.
DISCUSSION

Early-type stars in Westerlund 2 and Beyond
We detected X-ray emission from all of these earlytype sources. The identifications are given in Table 3 . The results illustrate clearly that high-resolution X-ray imaging observations, even with a short exposure of 30-40 ks, are powerful enough to resolve and identify the crowded massive members in OB associations at a few kiloparsecs away, as was found by Wang et al. (2007a) in NGC 6357, Broos et al. (2007) in M 17, and similar studies.
Galactic & Extra-Galactic Contaminants
The population of X-ray sources detected in ACIS images of Galactic massive SFRs is a superposition of the young cluster members, field stars in the Galactic Plane, and extragalactic background. In order to examine how many X-ray sources toward RCW 49 are intrinsic to the cluster, we compare the RCW 49 population with that in a control field of the Galactic Plane (Ebisawa et al. 2005) .
The control field, the "Scutum region" at (l, b) ∼ (28.
• 5, 0.
• 0), is an ideal place for our comparison study. First, the region was covered by X-ray and NIR imaging studies with a sensitivity similar to RCW 49. Second, it does not harbor a young stellar cluster and the X-ray population there is a typical Galactic Plane population superposed on obscured extragalactic contaminants. Third, the extinction in the two regions is similar. The typical N H in RCW 49 is derived to be 10 22 -10 22.5 cm −2 from Figure 5 , which is consistent with the ROSAT (Belloni & Mereghetti 1994) and NIR extinction (Ascenso et al. 2007) measurements. The Scutum region shows a bimodal N H distribution unlike RCW 49 (Fig. 5) , but their median values are the same (10 22.2 cm −2 ). In any case, the extinction correction is not very important in the hard X-ray band, where the opacity is less than one.
We use the radial profile of X-ray surface number density (SND) in RCW 49 to argue that a large fraction of our X-ray sources consists of the intrinsic RCW 49 population. First, the radial SND profile of all X-ray sources (Fig. 6a) shows a centrally peaked shape. The peak at R. A.=10:24:01.6 and decl.=-57:45:31, which was derived as the mean position of all X-ray sources, is consistent with the position of Wd 2. Second, the SND of RCW 49 has an overpopulation compared to the Scutum region ( Fig. 6a ; dotted histogram) out to ∼6 -7 . Within 5 of the cluster center where we have SIRIUS coverage, the number of X-ray sources is 374 while the projected number of the Scutum region is ∼69, indicating that ∼82% of the X-ray sources are intrinsic to RCW 49.
Our claim that the X-ray population suffers little contamination by non-cluster-members is more evident for those with stellar (optical, NIR, and MIR) identifications (Fig. 6b) . We have 330 identified X-ray sources within 5 of the Wd 2 center, while the projected number in the Scutum region is ∼47, which accounts only for ∼14% of the RCW 49 count.
This overpopulation holds in the entire X-ray flux range of the Chandra study. In the comparison of the hard-band log N − log S relations (Fig. 7) , we find the total and identified X-ray populations of the RCW 49 region (thick histograms) are well above those of the Scutum region (broken histograms).
Distance Constraint from X-ray Data
The distance to RCW 49 is controversial despite intensive studies across many wavelengths ( § 2). In the present study, we obtained a rich X-ray sample and learned that most of the identified X-ray sources are intrinsic to RCW 49. It is therefore worthwhile to attempt to constrain the distance with the new X-ray data set.
We use a method proposed in Getman et al. (2007b) to constrain the distance based on X-ray data. In this method, a constraint comes from the dependence of X-ray luminosity on the mass of late-type pre-mainsequence sources. The relation between these two stellar quantities is established consistently in several young star clusters, including Cepheus B , the Orion Nebula Cluster (Getman et al. 2006, Table 6; Preibisch et al. 2005) , the Taurus Molecular Cloud , and CG 12 (Getman et al. 2007b) . Note that the X-ray luminosity versus mass relation is not degenerate with respect to distance because premain-sequence X-ray luminosity and mass depend differently on the assumed distance.
First, we estimate the stellar mass of X-ray sources, for which NIR photometry is available (Table 3) . We construct a J /(J -H ) color-magnitude diagram assum- ing various distances from 0.5 to 8 kpc and derive the mass by comparing the dereddened J -band magnitudes to the Siess et al. (2000) model. Then, we extract the X-ray sources with an estimated mass of 2.0-2.7 M and derive the median value of their logarithmic hardband absorption-corrected X-ray luminosity (log L h,c in Table 2 ) in order to minimize the extinction effect. The mass range is limited by the degeneracy in the mass estimate above ∼2.7 M and by our X-ray sensitivity below ∼2.0 M . Figure 8 shows the median X-ray luminosity at each assumed distance, in which the estimated mean X-ray luminosity increases monotonically as the distance increases. We compare the median X-ray luminosity in the same mass range of the Orion Nebula Cluster , for which the distance is reliably measured. We found that the distance is constrained to be 2-5 kpc, which is consistent with the claim by (Ascenso 5.4. Nature of X-ray Cluster Population Sources of different natures have different X-ray and NIR brightness and colors. In massive SFRs, where the mass range of stellar constituents is wider than low-mass SFRs, the brightness is of prime importance for estimating the nature. We employ X-ray versus NIR brightness plots (Figs. 9a and 9b ) to estimate the nature of X-ray cluster members of RCW 49, aided by the conventional NIR color-magnitude diagram (Fig. 11a) .
Figure 9 (a) shows the observed K s -band magnitude (F Ks ) versus hard-band X-ray flux (F h ) of all the X-ray sources with K s -band identification. Figure 9 (b) is restricted to a sample with X-ray spectral fits, showing the extinction-corrected absolute K s -band luminosity (L Ks ) versus hard-band X-ray luminosity (L h,c ). The constant flux ratio lines between the K s -band and the hard X-ray band (dotted-and-dashed lines in Figure 9a and b) are a proxy for the canonical X-ray versus bolometric luminosity, which is independent from our distance estimate.
It is easily recognized that the sources form several groups in both plots. The most populous group centered at (F h , F Ks ) ∼ (10 −14.8 , 10 −12.7 ) ergs s −1 cm −2 in Figure 9 (a) and (L h.c , L Ks ) ∼ (10 31 , 10 33.5 ) ergs s −1
in Figure 9 (b) are 1.0-3.0 M low-mass pre-mainsequence sources in RCW 49 for the following reasons. Their K s -band brightness (13-16 mag) is consistent with the NIR brightness of pre-main-sequence sources in this mass range. Their hard-band X-ray luminosities 10 30 -10 31.5 ergs s −1 and flaring are typical of this class of stars in near-by regions (e.g., Wolk et al. 2006; Getman et al. 2006) . The ratio of X-ray to NIR brightness of 10 −1 -10 −3 is consistent with the fractional X-ray to bolometric luminosity of 10 −3 -10 −5 common among these sources. The K s -band bolometric corrections for A0 V, F0 V, and G0 V stars are -3.75, -2.85, and -2.25 mag (Tokunaga 2000; Drilling & Landolt 2000) .
A number of sources deviate in the upward and rightward directions of the primary group in Figure 9 . Among them, two Wolf-Rayet stars occupy the top right end of all sources with (F h , F Ks ) ∼ (10 −12.8 , 10 −10.2 ) ergs s −1 cm −2 in Figure 9 (a) and (L h,c , L Ks ) ∼ (10 33 , 10 36 ) ergs s −1 in Figure 9 (b). The sources in between the late-type pre-mainsequence and Wolf-Rayet star groups, both in X-ray and NIR brightness, are early-type main-sequence stars. They have a large dispersion in the horizontal direction in Figure 9 , indicating that sources with a similar NIR brightness can differ significantly in hard X-ray brightness. We first extract early-type star candidates based on the NIR color-magnitude diagram (Fig. 10a) . Xray sources with dereddened K -band magnitude brighter than a B2 V star are considered to be early-type candidates and are labeled "ET" in Table 3 . A total of 43 candidate stars include 13 spectroscopically-identified O-type stars from preceding studies Rauw et al. 2007 ). These early-type candidates are plotted by different symbols based on their X-ray spectral hardness.
The upward and downward triangle sources, which respectively indicate hard and soft X-ray emission by X-ray spectroscopy, occupy different regions naturally reflecting the fact that harder O stars are brighter in the hard X-ray band. The two groups appear to form two separate clustering in Figure 9 and have different X-ray to NIR brightness ratio. These suggests that they have different X-ray production mechanisms. Eight spectroscopicallyidentified sources (HD 90273, MSP 151, 171, 182, 183, 199, 203, and 263) are in the soft O-star group with L h,c /L Ks ∼ 10 −4 , while three (MSP 18, 167, and 188) are in the hard O-star group with L h,c /L Ks = 10 −2 − 10 −3 . Source number 29 (ACIS 29) may belong either to the hard O-star or Wolf-Rayet star group, but the nature of this source is unknown without any spectroscopic studies. We note that the source has infrared excess emission (Table 3) and is an off-cluster source at ∼4. 5 away from the center, which is similar to WR 20a and MSP 18.
The soft O stars share common characteristics with traditional X-ray-emitting O stars (Berghoefer et al. 1997) for having soft and constant X-ray emission due to internal shocks in their stellar winds (Lucy & White 1980) . The hard O stars are among the growing class of new-type O stars with hot thermal emission ( § 5.7.2). The three hard O stars (MSP 18, 167, and 188) are bright enough for detailed X-ray spectroscopy, and we discuss them in § 5.7.2. Table 2 . Sources are NIR-loud toward the top left and X-ray-loud toward the bottom right of the figures. Wolf-Rayet stars are shown by large diamonds. Sources brighter than B2 V in NIR are shown by upward triangles for bright (more than 50 counts) and hard (best-fit temperature larger than 2 keV), downward triangles for bright and soft, and squares for faint (less than 50 counts) sources. Sources fainter than B2 V in NIR are indicated by circles. Those with X-ray variability are marked with filled symbols. Spectroscopically-identified early-type stars are labeled. The prefix "MSP" is omitted for Moffat et al. (1991) sources. ACIS 29 indicates the source number 29 in Tables 1, 2 , and 3. The dashed-and-dotted lines indicate the iso-x/y lines from 10 −7 to 10 2 (the logarithmic values are given beside each line). (2000); Drilling & Landolt (2000) . The reddening lines of O9 V and B2 V stars are shown with dashed lines. The SIRIUS K -band magnitude limit is indicated by the dotted line. Spectroscopically-identified early-type stars are labeled. The prefix "MSP" is omitted for Moffat et al. (1991) sources. (b) Color-color diagram. The intrinsic colors of dwarfs and giants (thick curves) are from Tokunaga (2000) , the classical T Tauri star locus (thick line) is from Meyer, Calvet, & Hillenbrand (1997) , and the intrinsic colors of Herbig Ae Be stars (dotted curve) are from Lada & Adams (1992) .
Spatial Distribution of X-ray Cluster Members
We can individually identify cluster members based on their X-ray identification with a low level of contamination. Unlike optical and infrared imaging, the X-ray detections are not affected by non-uniform and intense diffuse emission. These two features of X-ray imaging studies are particularly important outside of the cluster core, where the optical and NIR SNDs of cluster members fall to a comparable level to those of irrelevant sources. Using the X-ray SND profiles, we obtain a sensible estimate of the spatial scale and distribution of cluster members away from the cluster core.
In the X-ray SND profile (Fig. 6a) , we see two interesting features. One is that the profile shows an overall decline, reaching the background level at 6 -7 . The Xray declining profile is smoother and more extended than the NIR profile constructed from 2MASS (Ascenso et al. 2007 , Fig. 6 ). We obtained a larger estimate of the cluster size by twice than the NIR estimate of 4. 1 (Ascenso et al. 2007) . Our estimated radius is ∼8 pc at the assumed distance, which is far larger than the Orion Nebula Cluster and somewhat larger than NGC 6357 (Wang et al. 2007a) .
The other feature is a deviation from the monotonic trend at ∼4 . A similar excess can also be found in the identified and unidentified X-ray source profile (Figs. 6b  and c) . A ∼4 radius partial ring around Wd 2 is the most conspicuous feature both in the radio and MIR images ( Fig. 1a ; Whiteoak & Uchida 1997; Churchwell et al. 2004 ), where gas and dust are compressed by winds and radiation from massive sources in the central OB association. The possible peak at ∼4 in the X-ray profiles, although the significance is low, suggests that a second generation of triggered star formation is present in this ring. A deeper X-ray image would confirm this possibility and identify members of the triggered population.
We identified thirty new OB star candidates based on the NIR photometry of X-ray sources ( § 5.4). It is interesting to note that many of them are located outside of the cluster core. In addition to the three off-core earlytype stars (WR 20a, 20b , and MSP 18 at ∼0. 6, ∼3. 7, ∼1. 0 from the Wd 2 center, respectively; Fig. 1a) considered to be physically associated with RCW 49, we have 14 early-type candidates beyond 3 of the cluster center. One of them (HD 90273) is a spectroscopically-identified O star (Cannon & Pickering 1919) . This implies either that these are run-away O stars as suggested for MSP 18 (Uzpen et al. 2005) or that the cluster was formed without primordial mass segregation. We note that the OB stars in the Rosette Nebula Cluster similarly do not exhibit mass segregation (Wang et al. 2007b) . Follow-up studies are mandatory to confirm the early-type nature of these off-core candidates and to understand the cause of their large spatial distribution.
Discrimination of Intrinsic Cluster Members
We detected 10,540 and 9,768 sources in the SIRIUS images on and off of the RCW 49 region ( § 3; hereafter called the object and the control fields). This indicates that the NIR sample is seriously contaminated by field stars. Individual cluster members, most of which are lowmass pre-main-sequence sources, are traditionally identified by infrared excess emission from their circumstellar disks and envelopes. MIR excess studies are more sensitive than NIR excess studies (Haisch et al. 2001 ). Whitney et al. (2004) identified 256 cluster members in the Chandra field from the MIR excess signature based on the MIR color-color diagrams using Spitzer /IRAC. However, the infrared excess is only sensitive to classical T Tauri stars and protostars with rich circumstellar matter. Weak-line T Tauri stars are usually missed. On the contrary, X-ray emission in the 1 keV band does not significantly depend on whether pre-main-sequence sources have disks or not . We now use the X-ray emission as a signature of cluster membership and examine how the Chandra data complement the Spitzer data.
For this purpose, we construct three K s -band luminosity functions (KLFs). One is the intrinsic KLF of RCW 49 obtained by subtracting the KLF of the control field from that of the object field. The other two are the KLFs of SIRIUS sources with X-ray and MIR excess emission signatures. We examine what fraction of the first KLF is recovered by each and the combination of the latter two KLFs.
Figure 11 (a) shows the KLFs in the object and the control fields (solid and dashed histograms), while the difference of the two is plotted by a solid histogram in Figure 11 (b). Sources in the two fields have slightly different characteristic extinction, for which we compensate by shifting the object KLF brightward by 0.1 mag based on the following argument. The difference between the mean NIR colors in the object and control fields represents the difference in the extinction. In order to avoid the effect of excess emission seen among pre-mainsequence sources, we use only the (J -H ) color of sources without any evidence of infrared excess. The mean (J -H ) values in the object and control fields are 0.94 and 0.83 mag with ∼0.01 mag uncertainty. The difference can be converted to ∆A K ∼ 0.1 mag (Tokunaga 2000; Benjamin et al. 2003) .
First, we compare the intrinsic KLF of RCW 49 with each of the KLFs of sources with X-ray and MIR excess emission, which are respectively shown with triangles and diamonds in Figure 11 (b) . Each of the X-ray and MIRexcess KLFs represent part of the intrinsic KLF. The recovery rate drops at K s 14 mag because the Chandra and Spitzer sensitivities do not match that of SIR-IUS. Also, the Spitzer image suffers confusion in the most crowded part of the cluster. The recovery of cluster members by the X-ray KLF is also expected to drop in the magnitude range for late B and A type sources, because some of them are intrinsically X-ray faint unlike earlier and later type sources . These sources would appear at ∼12 mag at the assumed distance. The smaller X-ray recovery rate at 12.0-12.5 mag may be attributable to this effect (Fig. 11b) .
We nonetheless do not attempt to correct statistically for these types of incompleteness because we are interested in how many of the intrinsic cluster members are individually identified by the current data set. The total counts of sources in the intrinsic KLF at K <14.0 and <14.5 mag are 221 and 358. Respectively, 125 (57%) and 179 (50%) of them are recovered in the X-ray KLF, while 84 (38%) and 98 (27%) are in the MIR excess KLF. Each of the X-ray and MIR excess KLFs represent about 30-60% of the intrinsic RCW 49 KLF.
Second, we compare the intrinsic KLF with the combination of X-ray and MIR excess KLFs. The KLFs of The KLFs of SIRIUS sources with X-ray and MIR excess (ME) identifications are given by triangles and diamonds, respectively. The KLFs of SIRIUS sources with either of and both of the two identifications (the union and intersection) are given by dotted and dashed histograms, respectively. the union and the intersection sets of X-ray and MIR excess sources are shown by dotted and dashed histograms in Figure 11 (b). The union set recovers 90% (200) and 74% (266) of the intrinsic cluster members at K <14.0 and <14.5 mag, respectively. The intersection set is very small. These indicate that X-ray and MIR excess emission selections operate in a complementary fashion in identifying cluster members and that the combination of the two recovers a large fraction of the members. The complementarity probably comes from the fact that richer circumstellar matter around pre-mainsequence sources increases the MIR excess detection rate due to stronger emission and decreases the X-ray detection rate due to larger extinction. This is best examined in the NIR color-color diagram in Figure 10 (b). SIRIUS sources with X-ray and MIR excess signatures (blue and red dots) are segregated in the plot. The X-ray emission preferentially detects sources with no or smaller NIR excess.
X-ray Emission from Massive Stars
We present the results of detailed X-ray spectroscopy for five exceptionally bright X-ray sources with more than 200 counts. Two of them are Wolf-Rayet stars (WR 20a and 20b) and the rest are O-type stars (MSP 18, 167, and 188) . All these sources are located at the top right end of X-ray and NIR brightness plots (Fig. 9) .
Wolf-Rayet stars
The X-ray spectra of WR 20a and WR 20b are shown in Figure 12 (a) and (b), respectively. Both of them are characterized by emission lines from highly ionized ions such as Mg, Si, S, Ar, and Ca, and a hard tail up to ∼5 keV. The Si XIII Kα emission as well as the hard tail indicate that the emission is more likely from a plasma of multiple temperatures than from that of a uniform temperature. We present the results of a two-temperature plasma fit in Table 4 . In the fitting, the abundances of conspicuous lines (Si and S) were thawed to obtain the best-fit values. The abundances of other elements were fixed to be 1 solar. It is known that hydrogen is heavily depleted in Wolf-Rayet stars (e.g., van der Hucht et al. 1986; Morris et al. 2000) , but we used the cosmic abundance (Anders & Grevesse 1989) as we do not know the level of hydrogen depletion for these stars. Once it is known, the abundance values presented here should be decreased accordingly.
WR 20a is an eclipsing binary of two Wolf-Rayet stars of spectral type WN6ha (Bonanos et al. 2004; Rauw et al. 2005) . Using the best-fit orbital solution by Bonanos et al. (2004) , the Chandra observation covers the orbital phase from 0.36 to 0.48. Because of the uncertainty in the orbital period determination of 3.686 ± 0.01 days, the Chandra phase range has uncertainty from 0.18-0.30 to 0.55-0.67. We compare the X-ray light curves and the eclipsing optical light curve ( Fig. 13) with the aim to obtain a hint in the X-ray production mechanism of this source. One artificial effect is introduced by the fact that the source was observed in a gap between ACIS I2 and I3. The source oscillated across the gap at a period of 1000 s due to the dithering motion of the telescope. About 60% of the photons were lost in the gap. We binned the light curves with a binning size of 1000 s to cancel this effect.
No apparent variation was found in either the average X-ray count rate (Fig. 13b) or the hardness ratio (Fig. 13c) . In contrast, a clear decline is seen in the Iband magnitude (Fig. 13a) during the phase of about 0.3-0.7. The Chandra phase coverage is uncertain from 0.18-0.30 to 0.55-0.67. When its lower limit is adopted, the Chandra observation was conducted out of eclipses. When other values are adopted, it was conducted during an optical eclipse. In this case, the lack of the eclipse in the X-ray light curves indicates that the X-ray emitting region is far enough from the stellar surface so as not affected by the photospheric eclipsing. From the orbital solution by Bonanos et al. (2004) , the radii of the two stars are ∼19R and a sin (i) is ∼53R , where a is the semi-major axis of the orbit, i =74.5
• is the inclination angle, and R is the radius of the Sun. The system is observed close to the edge-on in the line of sight. At the middle of the eclipse, the two stars are separated by 2a cos (i) ∼ 29R . Therefore, the X-ray emitting region is extended to at least a few stellar radii.
O-type Stars
At least two out of three bright O stars show emission line features of highly ionized Mg, Si and S, indicating their thermal plasma origin. We fit all three spectra with a thin-thermal plasma model with variable abundance of elements with conspicuous features. Table 4 gives the results. All of them are characterized by a hard spectrum with the best-fit plasma temperature of 1.5 keV and luminous X-ray brightness of 2-8×10 32 ergs s −1 . Such hard and luminous X-ray-emitting O stars have been reported in some other massive SFRs (Albacete Colombo et al. 2003; Rho et al. 2004; Skinner et al. 2005; Broos et al. 2007; Wolk et al. 2006) . The X-ray properties of these sources are quite different from the classical view of main-sequence O-type stars characterized by soft Fig. 12. -X-ray spectra of bright sources. The source identifications and the models employed to fit the spectra are given in Table 4 . Grouped data with errors are shown in the upper panels over-plotted with the best-fit model convolved with mirror and detector responses (solid line). The energy of the Kα lines of some representative highly ionized ions are shown. The lower panels show the residuals of the fit.
thermal spectra of 1 keV and the X-ray to bolometric luminosity ratio of ∼10 −7 (Berghoefer et al. 1997) . Hard X-ray-emitting O stars in massive SFRs should be a new distinct class of X-ray sources with a different X-ray production mechanism.
Several interpretations have been proposed for such hard X-ray emission from O stars. One is magneticallyconfined wind shocks (Babel & Montmerle 1997; Schulz et al. 2003; Gagné et al. 2005; Stelzer et al. 2005) , where magnetized winds produce hard X-ray emission in largescale shocks near the stellar surface. Another is similar to the X-ray emission in WR binaries; i. e., winds from each component of a close binary of two O-type stars collide with each other to make hard X-rays (Zhekov & Skinner 2000; Skinner et al. 2007 ). The hard X-rays might be from the magnetic reconnections between the two binary components (Schulz et al. 2006) . The binary nature of the three O-type stars in RCW 49 is not confirmed yet, but these sources might be "X-ray-spectroscopic binaries" if this interpretation is correct. Yet another idea is that inverse Compton emission of UV photons from these O stars accounts for their hard spectra (Albacete Colombo et al. 2003) . The X-ray production mechanism of such curious O stars is not yet certain, but enriching the sample using plots like Figure 9 may lead to a better understanding of the mechanism.
SUMMARY
We observed the Galactic massive star-forming region RCW 49 and its central OB association Westerlund 2 using Chandra/ACIS, IRSF/SIRIUS, and Spitzer /IRAC. The main results are summarized as follows.
1. 468 X-ray sources were detected in a ∼40 ks ACIS exposure covering a ∼17 ×17 field. Previous X-ray studies detected less than 10 sources in the studied field and almost all the X-ray sources reported here are new detections. The results of X-ray photo- (Bonanos et al. 2004) . (b) X-ray count rate in the 0.5-8.0 keV band and (c) the hardness ratio (HR) in the phase 0.36 to 0.48 (the range is indicated by two dotted lines in a; the uncertainty is about ±0.2). We used the ephemeris by Bonanos et al. (2004) with an orbital period of 3.686 days and a Julian date origin of 2,453,124.569 day. HR here is defined as (H−S)/(H+S) where H and S are the count rates in the hard (2.0-8.0 keV) and the soft (0.5-2.0 keV) bands, respectively. metric, timing, and spectroscopic analyses are presented and summarized in Tables 1 and 2. 2. We obtained SIRIUS images in the J, H, and K s bands of a concentric ∼8. 3×8. 3 field and extracted 10,540 sources at a 10 σ detection limits of ∼19.0 (J ), ∼17.8 (H ), and ∼16.8 (K s ) mag.
3. 379 X-ray sources were identified with optical, NIR, and MIR counterparts using NOMAD, 2MASS, SIRIUS, and GLIMPSE data. The results are given in Table 3. 4. The central OB association Westerlund 2 was resolved in the X-ray image for the first time. X-ray emission was detected from all of the spectroscopically-identified early-type stars consisting of two Wolf Rayet stars and a dozen O type stars.
5. About 86% of the X-ray sources with optical or infrared identifications were found to be cluster members by comparing with the X-ray population in a control field in the Galactic Plane. The X-ray overpopulation against the control field is seen in all measured flux ranges.
6. We compared the intrinsic K -band luminosity function of NIR sources in RCW 49 with the KLFs of sources with X-ray or MIR excess identification. We found that 30-60% of the cluster members at K s <14 mag are individually identified using the two observational signatures of cluster membership. When X-ray and MIR excess signatures are combined, about 90% of cluster sources are individually located. The two indicators of the cluster membership work in a complementary fashion, in which the former excels in detecting weak-line T Tauri stars with smaller attenuation while the latter predominantly detects classical T Tauri stars or protostars with richer circumstellar matter.
7. A loose constraint on the distance to RCW 49 was derived to be 2-5 kpc based on the mean hard-band X-ray luminosity of T Tauri stars in the mass range of 2.0-2.7 M .
8. The cluster X-ray population consists of low-mass pre-main-sequence sources and early-type sources based on X-ray and NIR photometry. Late-type pre-main-sequence sources, Wolf-Rayet stars, and early-type main sequence stars occupy different regions of X-ray versus NIR brightness plots. Thirty new OB candidates were identified based on the NIR color-magnitude diagram, several times more than the number of optically-identified OB stars.
9. Using the X-ray surface number density radial profiles, we gave an estimate of the cluster radius to be 6 -7 , or ∼8 pc at the assumed distance. A possible excess is seen at ∼4 of the center, suggesting that secondary star formation is taking place at the ring. Fourteen OB star candidates are found outside of Wd 2, suggesting an absence of mass segregation.
10. Detailed X-ray spectroscopy of the two Wolf-Rayet stars was presented. Both sources show twotemperature thermal plasmas with characteristic temperatures of 0.5-1.0 and 4-6 keV and 1-8 keV luminosities of 2×10 33 ergs s −1 . No X-ray flux or hardness variation was found from WR 20a, an eclipsing binary, suggesting that the X-ray emission arises far from stellar surfaces.
11. Detailed X-ray spectroscopy of three luminous Otype stars were presented. They are characterized by thermal spectra with a temperature of 1.5 keV. These are among the growing samples of hard Xray emitting O stars recently found in some massive star-forming regions. Early-type stars appears to have two sub groups, hard and soft, based on the X-ray spectroscopy.
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a For convenience, columns 1-4 reproduce the source identification, net counts, and photometric significance data from Table 1 .
b Sources with photometric significance of larger than 2 were fit with an absorbed thin-thermal plasma model. The abundance is fixed to be 0.3 times solar value. Columns 5 and 6 present the best-fit values for the extinction column density and plasma temperature parameters. Column 7 presents the emission measure for the model spectrum, assuming a distance of 4.2 kpc. Uncertainties represent 90% confidence intervals. More significant digits are used for uncertainties <= 0.1 in order to avoid large rounding errors; for consistency, the same number of significant digits is used for both lower and upper uncertainties. Uncertainties are missing when XSPEC was unable to compute them or when their values were so large that the parameter is effectively unconstrained. Fits lacking uncertainties, fits with large uncertainties, and fits with frozen parameters should be viewed merely as splines to the data to obtain rough estimates of luminosities; the listed parameter values are unreliable.
c X-ray luminosities are presented in columns 8-12: s = soft band (0.5-2 keV); h = hard band (2-8 keV); t = total band (0.5-8 keV). Absorption-corrected luminosities are subscripted with a "c"; they are omitted when log NH > 22.5 since the soft band emission is essentially unmeasurable. Luminosities are derived assuming a distance of 4.2 kpc. a Source sequence numbers follow Table 1 .
b "T" and "S" indicate that the NIR photometry is from 2MASS and SIRIUS data, respectively. NIR magnitudes are given only for good photometry; i. e., flags A, B, or C for 2MASS sources and the uncertainty of <0.1 mag for SIRIUS sources.
c Three types of flags ("NE", "ME", and "ET") indicate the NIR excess sources identified in the NIR color-color diagram (Fig. 9a) , MIR excess sources (Whitney et al. 2004) , and early-type star candidates that have a brighter K -band magnitude than a main-sequence B2V star in the NIR color-magnitude diagram (Fig. 9b) . Also given are the names in the literature (MSP from Moffat et al. (1991) and BM from Belloni & Mereghetti (1994) ). c
The label of figures for the spectra and the best-fit models in Figure 11 .
d
Uncertainties of a 90% confidence range are given in parentheses.
e Values in the 1.0-8.0 keV range. A distance of 4.2 kpc is assumed to derive L X .
